Abstract. Suppression of hypoxia-inducible factor 1α (HIF-1α) has been shown to sensitize glioblastoma cells to temozolomide (TMZ) treatment via down-modulation of O 6 -methylguanine-DNA methyltransferase (MGMT) expression. To date, whether the efficacy of TMZ therapy is correlated with MGMT expression and whether HIF-1α suppression exerts similar effects in human pituitary adenoma cells have not been defined. In the present study, using an HIF-1α knockdown strategy and the HIF-1α inhibitor 2-methoxyestradiol (2ME), we demonstrated for the first time that HIF-1α suppression increases the efficacy of TMZ in human pituitary adenoma cells in vitro and in vivo. Our mechanistic study showed that HIF-1α suppression resulted in down-modulation of MGMT expression and decreased DNA damage repair ability as demonstrated by decreased RAD51 protein expression. These results suggest an HIF-1α-dependent regulation of MGMT expression in human pituitary adenoma cells, and HIF-1α knockdown or the HIF-1α inhibitor 2ME can confer TMZ sensitization in human pituitary adenomas. The clinical application of 2ME as an adjuvant therapy may be a potential approach to improve the efficacy of TMZ therapy for pituitary adenomas.
Introduction
Pituitary adenomas comprise 10-15% of all intracranial neoplasms (1) . Despite being benign tumors in most cases, nearly 35% of pituitary adenomas display aggressive biological activity as demonstrated by clinically evident local invasion (2) . Although surgery, radiotherapy and pharmaceutical therapy are routinely employed, tumor recurrence of these aggressive adenomas still remains very high, resulting in high morbidity and mortality (3) .
Temozolomide (TMZ) has been shown to display a promising antitumor effect in certain cases used as the last-line treatment in aggressive pituitary adenomas (4) (5) (6) . TMZ is an alkylating chemotherapeutic drug capable of crossing the blood-brain barrier, and has been widely used to treat refractory glioblastoma multiforme and neuroendocrine tumors (7, 8) . However, several clinical trials have shown that the efficacy of TMZ may be dependent on O 6 -methylguanine-DNA methyltransferase (MGMT) expression and is prone to be poor in tumors with high MGMT expression (9) . Since TMZ is only used as the last line therapy for aggressive pituitary adenomas resistant to conventional therapies, it is necessary to develop novel therapeutic approaches to improve the TMZ efficiency in pituitary adenomas.
MGMT is a DNA repair kinase and can remove the methyl/alkyl group from the O 6 -position of guanine, thereby preventing TMZ-induced DNA damage (9) . Modulation of MGMT expression has been proposed as a mean to sensitize tumors to TMZ. Recent studies have shown that suppression of hypoxia-inducible factor 1α can down-modulate MGMT expression, which in turn overrides glioblastoma multiforme resistance to TMZ (10) . We previously described that HIF-1α is expressed in all types of pituitary adenomas, and HIF-1α knockdown inhibits hemorrhagic transformation in pituitary adenomas (11) . Based on these findings, we hypothesized that HIF-1α knockdown may also down-modulate MGMT expression in pituitary adenomas, which in turn enhances the efficacy of TMZ in pituitary adenomas.
In order to verify this hypothesis, we enrolled two patients with huge aggressive pituitary adenomas resistant to both conventional and TMZ therapies. The adenoma tissue of the two patients, being identified as high MGMT-expressing tissue after the first operation, was obtained during the second surgery. The tissue from one patient was primary cultured; the tissue from the other patient was equally dissociated and implanted into nude mice. Then, we employed HIF-1α knockdown strategy to determine the potential regulating effect of HIF-1α on the MGMT expression in vitro. Furthermore, the correlation between the HIF-1α-MGMT axis and TMZ resistance in pituitary adenomas was also examined in vitro and in vivo. Our results revealed that HIF-1α regulates MGMT expression, and HIF-1α knockdown or inhibitor 2-methoxyestradiol (2ME) can enhance the efficacy of TMZ in pituitary adenoma cells via the down-modulation of MGMT expression. (12) . After 3 cycles, no response was observed based on MRI. Then, the transsphenoidal surgical procedure was eventually performed in the two patients. The samples were also obtained. For each sample, a small section was fixed with 10% formalin and embedded in paraffin for histology and immunohistochemical staining, the other was prepared for primary cell culture or tumor implantation in nude mice.
HIF-1α inhibition
Histology, immunohistochemical staining, cell viability assay, western blot analysis and RT-PCR. All the procedures and reagents employed in the present study are described in our previous reports (11, 13, 14) . Cell viability assay was carried out using Cell Counting Kit-8 (Boster Biological Technology). The following primers for RT-PCR were used: human HIF-1α F, GCAAGACTTTCCTCAGTCGACACA and R, GCATCC TGTACTGTCCTGTGGTGA; human MGMT F, ATGGAT GTTTGAGCGACACA and R, ATAGAGCAAGGGCAG CGTTA; human GAPDH F, ACGGATTTGGTCGTATTGGG and R, TGATTTTGGAGGGATGTCGC. The primary antibodies used include anti-HIF-1α (1:1,000; Cell Signaling Technology), anti-MGMT (1:1,000; Santa Cruz Biotechnology), anti-PCNA (1:2,000; Santa Cruz Biotechnology), anti-Rad51 (1:1,000; Santa Cruz Biotechnology) and anti-GAPDH (1:3,000; Santa Cruz Biotechnology).
Primary cultures of pituitary adenoma tissue. After the tissue was obtained, we placed it in complete DMEM and dissociated it using mechanic and enzymatic methods according to the standard protocols immediately. Then, cells were dispersed and filtered through a magnetic bead column coated with anti-fibroblast antibodies. Then, the cells were plated in 16-(10 6 cells/well) or 96-well plates (10 4 cells/well) in the complete DMEM. Twenty-four hours later, a portion of the cells was transiently transfected with 2 µg predesigned siRNAs targeting human HIF-1α or control siRNA duplex via Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The HIF-1α siRNA sequences were as follows: F, CUGAUGACCAGCAACUUGA and R, UCAAGUUGCUGGUCAUCAG; the mock siRNA sequences were: F, CGUACGCGGAAUACUUCGA and R, UCGAAGUAUUCCGCGUACG; the knockdown efficiency was confirmed by RT-PCR and western blot analysis. The cells were then cocultured with TMZ (100 µM) and/or an HIF-1α inhibitor 2-methoxyestradiol (2ME, 2 µM) for 72 h, then the cell viability assay, RT-PCR and western blot analysis were carried out.
Pituitary adenoma xenografts. In order to increase the tumor formation rate, the tissue were dissociated equally using mechanic methods and were implanted subcutaneously into the lower rear flank of 3 6-week-old athymic nude mice. Two weeks later, tumors were formed. Then, tumors were dissociated again, and were equally implanted subcutaneously into the lower rear flank of 12 6-week-old athymic nude mice. After two weeks, the mice were injected with saline, TMZ (3 mg/kg), 2ME (25 mg/kg), TMZ (3 mg/kg) plus 2ME (25 mg/kg) for 5 days (each group, n=3). After another three weeks, tumors were harvested. Half of each tumor was frozen in liquid nitrogen for protein analysis and the other half was fixed in 10% formalin for histology analysis.
Statistical analysis. Statistical software SPSS 13.0 was used for statistical analyses in the present study. Data are expressed as means ± SD. The Student's t-test and variance analysis were used in the present study. Probability values of <0.05 were considered to indicate a statistically significant result.
Results

Clinical features of the patients.
In the present study, two patients with aggressive prolactin (PRL)-secreting adenomas were enrolled. Male patient no. 1 had undergone transsphenoidal surgery against prolactin (PRL)-secreting adenomas in our hospital at the age of 43 in June 2008 following inefficient bromocriptine treatment. In October 2010, the recurrent pituitary adenoma was confirmed by MRI, and external irradiation was carried out and showed poor efficiency. Because the patient refused reoperation after the radiation therapy, TMZ treatment was offered for three months, and no response was observed. The patient then received another transsphenoidal surgery in July 2012, and the tissue was obtained. For male patient no. 2, the transsphenoidal surgery was performed in August 2009 after the lack of efficacy of a half year bromocriptine treatment for prolactin (PRL)-secreting adenomas. Then, MRI showed the recurrent pituitary adenoma in January 2011 and the radiation was initiated without success. The patient denied the operation and received TMZ treatment for three months with no response. The transsphenoidal surgery was then performed in September 2012 and the tissue was obtained.
Characterization of HIF-1α and MGMT in pituitary adenoma
tissue. Although other studies reached an opposite conclusion, MGMT expression has been shown to be responsible for tumor resistance to TMZ in many reports (15) (16) (17) . Moreover, recent studies have shown that HIF-1α can modulate MGMT expression and alter the tumor resistance to TMZ in gliomas (10) . Therefore, we investigated the HIF-1α and MGMT expression in pituitary adenoma tissue via RT-PCR, western blot analysis and immunohistochemistry. As expected, we found high expression levels of HIF-1α and MGMT in the pituitary adenoma tissues from the two patients (Fig. 1) .
HIF-1α knockdown and 2ME downregulate MGMT expression in vitro. HIF-1α has recently been shown to regulate MGMT expression in gliomas (10, 18 ), yet whether it exerts similar effects in pituitary adenomas has not been examined. In our previous study, we used HIF-1α knockdown strategy to inhibit hemorrhagic transformation in pituitary adenomas (11) . In the present study, the HIF-1α knockdown system was employed for transient transfection in human pituitary adenoma cells from primary culture, and the effect of HIF-1α knockdown on the MGMT expression was examined. The pituitary adenoma tissue from one patient was primarily cultured immediately after dissection. After a 24-h primary culture, the cells were plated in 16-well plates and were transiently transfected with siHIF-1α or control siRNA. We found that HIF-1α knockdown downregulated the MGMT expression in human pituitary adenoma cells in primary culture (Fig. 2A) . In order to further clarify this issue, we cocultured human pituitary adenoma cells with 2ME (2 µM) or saline for 72 h, and then the MGMT expression was examined via RT-PCR. As expected, 2ME downregulated the MGMT expression in vitro (Fig. 2B) .
MGMT expression is correlated with TMZ resistance in pituitary adenoma cells. To date, there are still several arguments over whether TMZ efficacy is dependent on MGMT expression in pituitary adenomas. Several clinical trials suggest a correlation between MGMT expression and TMZ efficacy, while other researchers report an opposite trend (5, 19, 20) . Experimental evidence clarifying this issue is lacking. In our pre-experiment, we found that TMZ has no effect on the HIF-1α and MGMT expression in human pituitary adenomas. In the present study, we investigated the effect of HIF-1α knockdown and HIF-1α inhibitor 2ME on TMZ resistance. HIF-1α knockdown cells, vector cells and control human pituitary adenoma cells were seeded into 96-well flat-bottomed plates at a concentration of 1x10 4 cells/well. The cells were then cocultured with TMZ (100 µM) for 72 h. Another group of human RT-PCR showed that HIF-1α knockdown decreased the expression levels of HIF-1α and MGMT in human pituitary adenoma cells. Regarding mRNA expression levels, HIF-1α inhibitor 2ME decreased the MGMT expression in human pituitary adenoma cells, while having no effect on HIF-1α expression.
pituitary adenoma cells was also seeded and cocultured with TMZ (100 µM) plus 2ME (2 µM) for 72 h. Then, the CCK-8 assays were carried out. We found that the relative proliferation ratio of vector cells, siHIF-1α cells and 2ME treated cells vs. control cells was 1.01±0.06, 0.62±0.03 and 0.72±0.05%, respectively (P<0.05). TMZ had no obvious killing effect on human pituitary adenoma cells and vector cells. Compared with the cells treated with TMZ alone, HIF-1α knockdown and 2ME significantly reduced the proliferation of cells when combined with TMZ treatment (Fig. 3A) . In order to further clarify this issue, the HIF-1α and MGMT expression in each group was also investigated. As shown in Fig. 3B , TMZ or vector siRNA displayed no effect on the HIF-1α and MGMT expression, while TMZ plus HIF-1α knockdown or TMZ plus 2ME significantly reduced the HIF-1α and MGMT expression in human pituitary adenoma cells. These results indicate that TMZ efficacy may be dependent on the MGMT expression in pituitary adenomas.
HIF-1α knockdown sensitizes pituitary adenoma cells to TMZ via suppressing the repair ability of DNA damage in vitro.
Since MGMT expression has been associated with the DNA damage repair ability (21), we inferred that downmodulation of MGMT may also enhance TMZ efficacy via suppression of DNA damage repair ability. As RAD51 is a protein marker associated with DNA damage repair ability (22) , the pituitary adenoma cells (control), vector cells and HIF-1α knockdown cells were cultured with TMZ for 72 h, then RAD51 protein expression was examined. As shown in Fig. 4 , the relative protein ratio of vector cells, siHIF-1α cells vs. control cells was 0.99±0.03 and 0.38±0.05%, respectively (P<0.05), which showed that HIF-1α knockdown of pituitary adenoma cells significantly decreased the RAD51 protein expression compared with the control group. These results indicate that MGMT may be involved in sensitizing pituitary adenoma cells to TMZ via suppression of the repair ability of DNA damage.
2ME sensitizes pituitary adenoma cells to TMZ in vivo.
To translate our above in vitro findings into an in vivo model of pituitary adenoma, we evaluated the effect of HIF-1α inhibitor 2ME on the MGMT expression and the tumor xenograft proliferation of human pituitary adenoma cells in athymic nude mice. Mice were randomized into four groups: control (saline) group, 2ME group, TMZ group and 2ME plus TMZ group, with three mice in each group. Mice were treated with 2ME (25 mg/kg), TMZ (3 mg/kg) or 2ME plus TMZ for 5 days. Three weeks later, tumors were harvested for analysis. We found that 2ME treatment downregulated HIF-1α and MGMT expression in the tumor xenografts, while no similar effect was observed following TMZ treatment alone (Figs. 5 and 6 ). Since the human pituitary adenoma cells from the primary culture grew very slowly in nude mice, we did not measure a significant difference in tumor diameter among the different groups. Since PCNA is a marker of tumor proliferation, we examined the PCNA expression in tumors of the different groups. As shown in Figs. 5 and 6, we found no significant difference in the PCNA expression levels among the 2ME group, the TMZ group and the control group. The xenografts of 2ME plus TMZ group displayed significantly lower PCNA expression than the other groups. The relative PCNA protein ratio of the vector cells, siHIF-1α cells vs. control cells was 0.97±0.07, 0.90±0.06 and 0.49±0.11%, respectively (P<0.05). These results suggest that 2ME sensitizes pituitary adenoma cells to TMZ via the down-modulation of MGMT expression in vivo.
Discussion
Our study, for the first time, presents experimental evidence that TMZ resistance may be directly correlated with MGMT expression in pituitary adenomas. Furthermore, the HIF-1α-MGMT signaling pathway may be involved in the TMZ resistance of pituitary adenoma cells. HIF-1α knockdown or inhibitor 2ME may be applied as a mediator of TMZ resistance via the down-modulation of MGMT expression in pituitary adenoma cells. . 2ME plus TMZ treatment decreases the expression levels of HIF-1α, MGMT and PCNA in vivo, compared with TMZ or 2ME treatment alone. (A) Western blot analysis revealed that 2ME or 2ME plus TMZ treatment decreased the HIF-1α and MGMT protein expression levels in human pituitary adenoma cells. TMZ exerted no obvious effect on the MGMT protein expression in vivo. (B) Densitometric analysis normalized to GAPDH as the loading control is also presented.
Invasive pituitary adenomas are very common in our clinical practice and are characterized by a limited response to standard therapies and poor prognosis (1) . When conventional therapies including radiation, surgery, pharmacological treatment fail, TMZ therapy is often adopted as the last line treatment for these life-threatening pituitary adenomas (23) . Although a previous report revealed a 60% response rate for TMZ treatment in invasive pituitary adenomas (20) , at least in our center, TMZ exerts poor efficacy in many patients with a much lower response rate. Furthermore, a poor response rate was also observed in many published clinical trials. We believe this discrepancy may be due to the following reasons: Most of the authors tend to report successful cases, and different medical centers may employ different enrollment criteria for TMZ treatment. The schedule and dosing regimens of TMZ treatment varied in different medical centers due to the lack of standard protocol in the treatment of pituitary adenomas (23) . Since TMZ is the last line treatment and displays a low response rate in life-threatening pituitary adenoma patients, seeking modulation of TMZ resistance is of high value in our practice.
MGMT expression has been recently reported to be associated with TMZ resistance in patients with gliomas (24) . The findings of clinical studies dealing with the association between MGMT expression and the therapeutic response to TMZ in pituitary adenoma patients remain controversial. Some studies report pituitary adenomas with low MGMT expression tend to be responsive to TMZ, while others suggest that no relation exist (5, 19, 20, 25) . Moreover, all these previous reports are based on cohorts consisting of a limited number of patients, and, to date, no experimental evidence has been reported. In the present study, MGMT expression was down-modulated by HIF-1α knockdown or inhibitor 2ME in vitro and in vivo, suggesting that HIF-1α inhibition can down-modulate MGMT expression in pituitary adenomas.
There are numerous kinases that can regulate the repair ability of DNA damage in chemotherapy. Checkpoint kinase 1 (Chk1) and MGMT are the key kinases in this process (26) . However, in our pre-experiment, inhibition of Chk1 did not lead to a preferential TMZ-induced killing of pituitary adenoma cells. An explanation for this inefficiency may be that most of the human pituitary adenoma cells were wild-type p53 cells (27) , which are not hyper-dependent on the G2 damage-induced checkpoint activity mediated by Chk1 activity. A recent report demonstrated that MGMT expression is dependent on HIF-1α expression in glioma cells (10) , which promoted us to infer that down-modulation of MGMT expression via HIF-1α inhibition may sensitize pituitary adenoma cells to TMZ treatment. The present study showed that HIF-1α knockdown or the HIF-1α inhibitor 2ME down-modulated MGMT expression, thereby decreasing the double-strand DNA repair capacity as evidenced by the decreased RAD51 protein expression, which in turn sensitized pituitary adenoma cells to TMZ in vitro and in vivo. These results indicate that targeted modulation of MGMT via HIF-1α inhibition may be a novel way to override TMZ resistance in patients with pituitary adenomas.
There are several inherent limitations to our study. We used cells from primary culture of human pituitary adenomas from two patients in the present study. The cells were not from an established cell line, which may have undermined the significance of the results of the present study. The reason for this is that there is no well-established human pituitary adenoma cell line (11) . Moreover, only a few patients non-responsive to conventional and TMZ therapies in our clinical practice were willing to receive a second operation. Furthermore, due to the benignity of pituitary adenomas, the limited imperfect framework for accessing tumor tissue samples and primary culture technology, many cells from primary cell cultures of human pituitary adenomas almost lose their capability for duplication, and eventually die, which further wastes the valuable but limited human pituitary adenoma tissue. In the present study, HIF-1α knockdown was only used in vitro, as we employed the HIF-1α inhibitor 2ME and obtained the expected results in vivo. 2ME is an FDA approved anticancer drug which is more likely to be used in our practice than the HIF-1α knockdown strategy (28) . Regarding the mechanism, our results cannot confirm a direct regulatory role of HIF-1α on MGMT expression as there may be other signaling pathways between the HIF-1α and MGMT kinases, which require further investigation.
In conclusion, the present study for the first time demonstrates that HIF-1α modulates MGMT expression in pituitary adenoma cells, and that the HIF-1α inhibitor 2ME can sensitize pituitary adenoma cells to TMZ treatment via the down-modulation of MGMT expression. Since both 2ME and TMZ are FDA approved anticancer drugs and can cross the blood-brain barrier (29, 30) , further research is warranted to define the underlying molecular mechanisms and to optimize the protocol of the combined treatment of TMZ and 2ME for pituitary adenomas refractory to conventional therapies.
